Tau-tubulin kinase-1 (TTBK1) phosphorylates microtubule-associated protein tau at specific serine/threonine residues found in paired helical filaments (PHFs), and its expression is up-regulated in the brain in Alzheimer disease, suggesting its role in tauopathy pathogenesis. To understand the effects of TTBK1 on tauopathy in vivo, we have developed bigenic mice overexpressing full-length TTBK1 and the P301L tau mutant. The bigenic mice show enhanced tau phosphorylation at multiple sites (AT8, 12E8, PHF-1, and pS422), tauC3-immunoreactive tau fragmentation, and accumulation of tau aggregates in cortical and hippocampal neurons at 12-13 mo of age. However, the phosphorylated tau aggregates were predominantly sarkosyl soluble and migrated in the light sucrose density fraction after discontinuous sucrose gradient ultracentrifugation, which suggests that they form small oligomers. The bigenic mice show significant locomotor dysfunction as determined by both rotorod and grip strength tests, as well as enhanced loss of motor neurons in the L4-L5 spinal cord. This neuronal dysfunction and degeneration was associated with increased levels of tau oligomers, cyclin-dependent protein kinase 5 activators p35 and p25, and pY216 phosphorylated glycogen synthase kinase 3-␤. These data suggest that TTBK1 up-regulation enhances tau phosphorylation and oligomerization, whose toxicity results in enhanced neurodegeneration and locomotor dysfunction in a tauopathy animal model.-Xu, J., Sato, S., Okuyama, S., Swan, R. J., Jacobsen, M. T., Strunk, E., Ikezu, T. Tau Microtubule-associated cytoskeletal tau protein has been a focal point in understanding the molecular mechanism of neurofibrillary tangle (NFT) formation through its multiple phosphorylation, monoubiquitination, limited endoproteolysis of its N-and C-terminal regions, and conformational changes. Neuropathological studies strongly support that NFT formation closely correlates with Alzheimer disease (AD) staging (1). However, recent studies on a transgenic tau mouse (rTg4510) with conditional transgene expression of a tau mutant (P301L tau) genetically linked to the hereditary frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17) suggest that intracellular accumulation of tau, not NFT formation, is responsible for neurodegeneration and cognitive impairment (2). The following studies revealed that new forms of tau aggregates, which are 140-to 170-kDa multimer forms, are accumulated in rTg4510 mice (3). Similarly, granular tau oligomers are also increased in the early stage of tauopathy (Braak I-III) in AD brains (4), which suggests the novel role of tau oligomers (or multimers) for the early stage of neurodegeneration and cognitive impairment. However, the mechanism of tau multimer/oligomer formation was unknown. This study reveals that tau phosphorylation may be one of the mechanisms for the enhanced tau oligomerization.
Microtubule-associated cytoskeletal tau protein has been a focal point in understanding the molecular mechanism of neurofibrillary tangle (NFT) formation through its multiple phosphorylation, monoubiquitination, limited endoproteolysis of its N-and C-terminal regions, and conformational changes. Neuropathological studies strongly support that NFT formation closely correlates with Alzheimer disease (AD) staging (1) . However, recent studies on a transgenic tau mouse (rTg4510) with conditional transgene expression of a tau mutant (P301L tau) genetically linked to the hereditary frontotemporal dementia with parkinsonism linked to chromosome suggest that intracellular accumulation of tau, not NFT formation, is responsible for neurodegeneration and cognitive impairment (2) . The following studies revealed that new forms of tau aggregates, which are 140-to 170-kDa multimer forms, are accumulated in rTg4510 mice (3) . Similarly, granular tau oligomers are also increased in the early stage of tauopathy (Braak I-III) in AD brains (4) , which suggests the novel role of tau oligomers (or multimers) for the early stage of neurodegeneration and cognitive impairment. However, the mechanism of tau multimer/oligomer formation was unknown. This study reveals that tau phosphorylation may be one of the mechanisms for the enhanced tau oligomerization.
A number of kinases have been characterized as tau kinases, most notably cyclin-dependent protein kinase 5 (CDK5), glycogen synthase kinase-3␤ (GSK3␤), and microtubule affinity regulating kinase (5) (6) (7) (8) (9) . GSK3␤ activity is dually regulated by its autophosphorylation at tyrosine 216 (Y216) for activation and phosphorylation at serine 9 (S9) by Akt for inactivation (10, 11) . Association of CDK5 with its neuron-specific regulatory subunit p35 activates its catalytic activity, whereas cleavage of p35 to p25 by specific proteases, such as calpain-1, and formation of CDK5/p25 complexes results in its aberrant activation (8, 12, 13) . We have recently identified a new tau kinase, tau tubulin kinase 1 (TTBK1), which is specifically expressed in neurons and can directly phosphorylate tau proteins both in vitro and in vivo at multiple ser/thr residues that are found on PHF-tau in AD brains (14) . TTBK2, a TTBK1 isoform, was recently linked to the development of spinocerebellar ataxia type 11 (15) , which develops NFT in the brain. These results strongly indicate that TTBK1 and TTBK2 are involved in tau phosphorylation and neurodegeneration.
Because there is currently no transgenic mouse model of TTBK1 or TTBK2 available, we have created transgenic mice (TTBK1-Tg) harboring 57-kb human TTBK1 genomic DNA, containing entire endogenous promoters, exons, and introns, to reconstitute the physiological expression pattern of the human TTBK1 gene in mice in order to study the role of TTBK1 in central nervous system (CNS) pathologies (16) . TTBK1-Tg mice express an ϳ8-fold higher level of human TTBK1 as compared to endogenous TTBK1, and TTBK1-Tg expression, driven by its endogenous human genomic promoter, is specific to neurons (subiculum and pyramidal neurons in hippocampus, cortical neurons, and cerebellar Purkinje cells). TTBK1 mice show spatial learning impairment, activation of CDK5 and calpain-1, and down-regulation of N-methyl-d-aspartate receptor 2B in a CDK5-and calpain-1-dependent manner, although their locomotor function is intact. Because we did not see robust changes in phosphorylation of endogenous tau protein or its aggregation in TTBK1-Tg mice, we crossed them with JNPL3 mice expressing P301L tau mutant (JNPL3) under the control of the mouse prion protein (PrP) promoter to address the effect of TTBK1 overexpression on the animal model of FTDP-17 in this study. TTBK1/JNPL3 mice develop age-dependent pathology in the CNS, including intraneuronal accumulation of phosphorylated tau, accumulation of sarkosyl-soluble phospho-tau multimers, CDK5 and GSK3␤ activation, locomotor dysfunction, and motor neuron degeneration. These data indicate that TTBK1 is involved in phosphorylation-dependent generation of pathogenic tau aggregation in vivo.
MATERIALS AND METHODS

Transgenic animal models
All the animal-related procedures were reviewed and approved by the Institutional Animal Care and Use Committee and the University of Nebraska Medical Center. Generation of TTBK1-Tg mice (line 141) harboring human TTBK1 genomic DNA (57 kb) has been previously described (16) . The founders in the B6/SJL F1 background were backcrossed to the B6/129 F1 strain (Jackson Laboratories, Bar Harbor, ME, USA) for Ն5 generations prior to the study, and nontransgenic (non-Tg) littermates were used for the control group to minimize the effect of background differences. Transgenic JNPL3 mice expressing the P301L mutant of 4-repeat tau without amino-terminal inserts (4R0N; see ref. 17 for tau isoform nomenclature; ref. 18 ) were backcrossed to the B6/129 F1 strain for Ն5 generations and crossed with TTBK1 mice to generate TTBK1, JNPL3, TTBK1/JNPL3, and non-Tg mice.
Immunoblot analysis and antibodies
Proteins were separated by SDS-PAGE, transferred to Immobilon-P membrane (Millipore, Billerica, MA, USA), and blocked with blocking buffer (SuperBlock with 5% skim milk; Pierce, Rockford, IL, USA). The following antibodies were used for immunoblotting: ␤-actin mAb (1:10,000 dilution; Sigma-Aldrich, St. Louis, MO, USA); ␤-tubulin mAb ( (20) , p35/p25 CDK5 activator pAb (C terminus, 1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-GSK3␤ mAb (Ser-9, 1:1000, Cell Signaling Technology, Danvers, MA, USA), phospho-GSK3␣/␤ mAb (phospho-Tyr279/216, 1:1000; Upstate Biotechnology/Millipore, Bedford, MA, USA), GSK3␤ pAb (C terminus, 1:2000 Santa Cruz Biotechnology), phospho-neurofilament mAb (pNF, 1:200; Dako, Carpinteria, CA, USA), and TTBK1 mAb (clone F287-1.1-1E9, 13.55 g/ml). TTBK1 mAb cross-reacts with human and mouse TTBK1 but not with TTBK2. The luminescent band intensities were quantified by the Phosphoimaging system (Phosphoimager, GE Healthcare/Molecular Dynamics, Sunnyvale, CA, USA) for statistical analyses.
Discontinuous sucrose gradient ultracentrifugation
We applied the method for granular tau oligomer fractionation with minor modifications (4, 21) . Briefly, mouse brain hemispheres (12 mo old) were homogenized with a potter (10 strokes at 1000 g) in 3 vol of cold buffer containing 10 mM Tris, pH 7.4; 800 mM NaCl; 1 mM EGTA; and 10% sucrose supplemented with protease inhibitors and then centrifuged at 25,000 g for 20 min in a TLA100.4 rotor (Beckman Coulter, Fullerton, CA, USA) at 4°C. Fibrillar tau aggregates were mostly precipitated in the pellet in this procedure. One milliliter of the supernatant was overlaid with a 9-ml discontinuous gradient (50, 45, 40, 35, 30, 25, 20, 15 , and 10% sucrose) in a Beckman SW41Ti ultracentrifuge tube. Following centrifugation at 40,000 g for 2 h at 23°C, 10 ϫ 1 ml fractions of the gradient were separated from the bottom of the tube. Fifteen microliters of each fraction was subjected to 10% SDS-PAGE and immunoblotting using AT8 (1:500 dilution; Innogenetics), T14 (1:50, human tau specific; Zymed Laboratories, Burlingame, CA, USA), and Synaptophysin mAbs (1:500, Sigma-Aldrich).
Preparation of brain extracts/spinal cord and tau biochemistry
Brain extracts were prepared according to published protocol (22) . Briefly, hemibrains were weighed and homogenized in 3 vol of Tris-buffered saline containing protease and phosphatase inhibitors (25 mM Tris-HCl, pH7.4; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 5 mM sodium pyrophosphate; 30 mM ␤-glycerophosphate; 30 mM sodium fluoride; 1 mM phenylmethylsulfonyl fluoride). The homogenates were centrifuged in a Beckman TLA 100.4 rotor at 150,000 g for 15 min at 4°C. Supernatants were collected as S1 fractions, and the pellets were rehomogenized in 3 vol of salt/sucrose buffer (0.8 M NaCl; 10% sucrose; 10 mM Tris/HCl, pH 7.4; 1 mM EGTA; and 1 mM PMSF) and centrifuged as above. The resultant pellets were discarded, and the supernatants were incubated with sarkosyl (Sigma, 1% final concentration) for 1 h at 37°C. Subsequently, the mixtures were spun in TLA 100.4 rotor at 150,000 g for 30 min at 4°C. The supernatants were collected as S2 fractions, while the pellets were collected as P3.
Preparation of spinal cord extracts and immunoblotting for pathological tau species were carried out as reported previously, with modifications (3, 22) . Briefly, whole spinal cords of 5-moold JNPL3 (4 mice), TTBK1/JNPL3 (4 mice), and non-Tg mice (2 mice) were isolated and quickly frozen on dry ice and stored at Ϫ80°C. Each spinal cord was weighed and homogenized in 3 vol of Tris-buffered saline containing protease and phosphatase inhibitors (25 mM Tris-HCl, pH7.4; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 5 mM sodium pyrophosphate; 30 mM ␤-glycerophosphate; 30 mM sodium fluoride; and 1 mM phenylmethylsulfonyl fluoride). The homogenates were ultracentrifuged at 150,000 g for 15 min at 4°C, and the supernatants were collected as S1 fractions. A total of 15 g of an S1 fraction was mixed with an equivalent volume of 2ϫ SDS-sample buffer (Invitrogen), boiled for 5 min, and then loaded on 6% polyacrylamide Tris-glycine gels for SDS-PAGE and immunoblotting. The luminescent band intensities were quantified by the Phosphoimaging system for statistical analyses.
Immunohistochemistry and confocal immunofluorescence microscopy
Immunohistochemistry was performed as described previously (23, 24) . Briefly, mice were euthanized with isoflurane and perfused transcardially with 25 ml of ice-cold PBS. The brains were rapidly removed, immersed in freshly depolymerized 4% paraformaldehyde for 48 h, and cryoprotected by successive 24 h immersions in 10, 20, and 30% sucrose in 1ϫ PBS. Fixed, cryoprotected brains were frozen and sectioned in the coronal plane at 30 m using a cryostat (Leica, Bannockburn, IL, USA) with sections collected serially. Immunohistochemistry was performed using specific antibodies as listed in Table 1 . Immunostained sections were visualized using Envision Plus (Dako). AT8, 12E8, PHF-1, and pS422 were analyzed by counting positive cell bodies in the hippocampus, parietal, and temporal lobe of the cortex using a Nikon TE-300 microscope (Nikon Instruments, New York, NY, USA).
For fluorescent confocal microscopic imaging, 30-m spinal cord sections were incubated with 3 primary antibodies [anti-NeuN biotinylated mAb, anti-GFAP mAb, and anti-IBA1 pAb (Wako, Richmond, VA, USA)], washed with washing buffer, and then incubated with 1:1000 diluted Alexa Fluor647-conjugated anti-mouse IgG (HϩL), 1:1000 diluted Alexa Fluor488-conjugated anti-rabbit IgG (HϩL) antibodies, and 1:500 diluted Alexa Fluor568-conjugated streptavidin (all from Molecular Probes/Invitrogen) as secondary antibodies. After mounting the sections on slides with Vectashield (Vector Laboratories), the confocal images were captured using a Nikon SweptField slit-scanning confocal microscope (Nikon Instruments) with an ϫ100 TIRF objective and back-illuminated Cascade 512B CCD camera (Photometrics, Tucson, AZ, USA), with excitation at 488 nm (for IBA1), 568 nm (for NeuN), and 647 nm (for GFAP). The images were pseudocolored, autocontrasted, and merged as tricolor images (see Fig. 8 ).
Rotarod test
Testing of motor function using a rotarod device (Rotamex4/8; Columbus Instruments, Columbus, OH, USA) was conducted at 12 mo of age. All mice were pretrained on the apparatus in order for them to reach a stable performance. Each monthly test was performed on the elevated accelerating rotarod (5-30 g over 5 min). The time each mouse remained on the rod was recorded automatically. Mice that stayed on the rotarod for Ͼ 180 s were considered complete responders; their latencies were recorded as 180 s.
Grip strength test
A grip strength meter (Chatillon; Ametek Inc., Paoli, PA, USA) measured the force exerted by a mouse as it was pulled from a grid by the tail. Grip strength was measured for forelimbs using TTBK1/JNPL3 and JNPL3 mice (nϭ10/ group) at 12 mo of age. The measurement was repeated 5 times for both forelimbs and all limbs; the highest score for each animal was obtained.
Motor neuron staining and counting
Spinal cords were dissociated from vertebral columns after being fixed in 10% formalin at 12-13 mo of age. Segments spanning L4 -L5 were removed under a dissecting microscope and further fixed with 10% formalin for 4 h, and subsequently frozen after cryoprotection with a series of phosphate-buffered sucrose solu- 
Statistical analysis
Biochemical experiments were repeated 3 times, and all data were normally distributed. In the case of multiple mean comparisons, data were examined by ANOVA, followed by NewmanKeuls (for 1-way ANOVA) or Bonferroni (for 2-way ANOVA) multiple comparison tests using statistics software (Prism 4.0; GraphPad Software, San Diego, CA. USA). In the case of single mean comparison, data were analyzed by Student's t test. Values of P Ͻ 0.05 were regarded as significant.
RESULTS
Expression of the TTBK1 transgene in mouse brain
We have developed a TTBK1 mAb against the catalytic domain of human TTBK1, which detected both endogenous full-length and processed TTBK1 ϳ 200 and 80 -100 kDa, respectively, in mouse brain (Fig. 1A) . TTBK1 undergoes chloroquine-sensitive endoproteolysis to generate a processed form, presumably because of lysosomal processing, but both forms retain kinase activity (25) . Both forms of TTBK1 expression were enhanced in the TTBK1/JNPL3 group, whereas transgenic P301L tau expression did not alter endogenous TTBK1 expression at 12-13 mo of age. Transgenic TTBK1 gene expression is specific to the CNS as determined by both Northern and Western blotting of multiple tissues (16) . Immunohistochemistry of adult TTBK1/JNPL3 mouse brain identified especially high levels of TTBK1 in the subiculum and external pyramidal layer of the parietal cortex when compared to the same regions in age-matched JNPL3 mice (Fig. 1B) , suggesting its role in hippocampal and cortical functions.
Accumulation of phosphorylated tau proteins in TTBK1/JNPL3 mouse brain
Because TTBK1 is known to phosphorylate tau protein, we examined tau phosphorylation in TTBK1/JNPL and age-matched JNPL3 mouse brain at 12-13 mo of age using a panel of anti-phospho-tau specific antibodies. TTBK1/JNPL3 mice exhibit enhanced cytoplasmic accumulation of phospho-tau proteins, indicative of somatodendritic missorting of tau proteins, as compared to the JNPL3 littermates in cortical and hippocampal regions, as detected by AT8, 12E8, PHF-1, and pS422 ( Fig. 2A) . TTBK1/JNPL3 mice also show accumulation of caspase-3-cleaved tau, as detected by tauC3 (Fig. 2B ) (26) . However, there was no staining by tauC6 antibody, which detects caspase-6-cleaved tau (data not shown) (27, 28) . Quantification of immmunostained cells in cortical and hippocampal regions demonstrates a significant increase of AT8, 12E8, PHF-1, and pS422-positive cells in TTBK1/JNPL3 mice as compared to the age-matched JNPL3 littermates ( Table 2 ). These data suggest that TTBK1 enhances accumulation of phosphorylated tau at multiple sites as compared to JNPL3 littermates in 2 different brain regions, hippocampus and cortex. Next, we examined whether the enhanced tau phosphorylation can be seen at an earlier time point. For that purpose, TTBK1/JNPL3 and JNPL3 littermates were subjected to immunohistochemistry at 5-6 mo of age using AT8, CP13, and PHF-1 antibodies (Fig. 3) . As expected, the number of immunostained cells by any of the antibodies was much less than 12-to 13-mo-old brain and was mainly localized in the hippocampus. However, immunopositive cells for AT8 and PHF-1 staining are more abundant in TTBK1/JNPL3 brain as compared to JNPL3 littermates, whereas CP13 staining was similar between 2 groups. The AT8 ϩ or PHF-1 ϩ tau signals were mainly localized in the cytoplasm of pyramidal neurons (Fig. 3 , bottom panels). These data suggest that TTBK1 enhances cytoplasmic phospho-tau accumulation as early as 5-6 mo of age. 
Accumulation of nonfibrillar form of tau aggregates in TTBK1/JNPL3 mice
The phosphorylation status of the cytoskeletal proteins was also determined by subcellular fractionation of brain samples from the mouse brain at 12-13 mo of age. The brain samples were homogenized in Trisbuffered saline, ultracentrifuged, and the pellets were solubilized in sarkosyl solution. After ultracentrifugation, the supernatants (S2 sarkosyl-soluble fractions) of the brain lysate samples, enriched in polymerized cytoskeletal molecules in the cytoplasm, were tested with immunoblotting of tau and neurofilaments (Fig. 4A, B) .
Chemiluminescence intensity measurements of the immunoreactive bands demonstrated significant increases in tau phosphorylation at AT8 and 12E8 recognition sites but not in PHF-1 or p-NF sites. However, we have unexpectedly found that the sarkosyl-insoluble fraction (P3) of tau, which represents fibrillar tau aggregates, is significantly reduced in TTBK1/JNPL3 mice as compared to the age-matched JNPL3 littermates (Fig. 4C,  D) as either the phosphorylated form (AT8 blot, Fig.  4C , top panel) or total tau (T14 blot, Fig. 4C, bottom  panel) . We have tested other anti-phospho-tau antibodies, but only AT8 and T14 detected the tau protein in the P3 fraction of TTBK1/JNPL3 mice (data not shown). These data suggest that cytoplasmic accumulation of phospho-tau in TTBK1/JNPL3 mice was not occurring as fibrillar tau aggregates. Recent studies suggest that compartmentalization of fibrillar tau does not correlate with memory loss or neurodegeneration (2) , and formation of tau multimers (or oligomers) was correlated with spatial memory impairment (3). Thus, it is possible that TTBK1 expression shifts the tau aggregation status from the fibrillar form to pathological tau multimer species in the TTBK1/JNPL3 mouse brain. To test this possibility, we subjected the mouse brain homogenate samples to sucrose gradient ultracentrifugation in order to purify the granular tau oligomers as described (21) . Using this technology, granular tau oligomers can be collected in the top fractions, while the majority of the fibrillar tau aggregates were precipitated after the first centrifugation at 25,000 g prior to the application of the supernatant to the sucrose gradient ultracentrifugation (Fig. 5) . A trace amount of remaining fibrillar tau can be observed in the 30 -40% fractions in JNPL3 mouse brain, which was not quantitative because the majority of the fibrillar tau has already been precipitated prior to the loading of the supernatant to the sucrose gradient ultracentrifugation (see Materials and Methods). Using this technique, we detected an enhanced level of AT8-positive tau oligomers, which migrate above the 250 kD or around the 50-kD molecular marker, in the 10 -20% sucrose fraction. Because the originally monomeric tau and disaggregated tau oligomers that migrated around the 50-kD molecular marker were virtually indistinguishable, we evaluated tau oligomers that migrated at the Ͼ250-kD marker, which are abundant in TTBK1/JNPL3 mice as compared to age-matched JNPL3 mice (Fig. 5 , phospho-tau panels). Tau oligomers were also detected by T14 antibody (Fig. 5 , total tau bottom panels). These data demonstrate the enhancement of tau multimer formation and its phosphorylation in TTBK1/JNPL3 mice.
TTBK1 up-regulates p25 and p35 subunits of CDK5 complexes and the activated form of GSK3␤
Phosphorylation of tau at multiple ser/thr residues in the TTBK1/JNPL3 mouse brain includes additional sites other than the identified phosphorylation sites 199 , 292, and 422) through direct phosphorylation of tau protein by TTBK1 in vitro. This suggests that other tau kinases are activated by TTBK1 expression. In the previous study, we characterized the up- regulation of CDK5 activators p25 and p35 and enhanced activity of p35-or p25-associated CDK5 activity in TTBK1 mouse brain in vivo and in tissue culture (16) . Accordingly, we observed enhanced tau phosphorylation at AT8 and PHF-1 sites, which are phosphorylated by GSK3␤ and CDK5, respectively (29, 30) . Thus, we investigated whether other tau kinases (CDK5 and GSK3␤) were activated by TTBK1 expression in JNPL3 mouse brain. TTBK1/JNPL3 mice show enhanced levels of p25, p35, Tyr 216-phosphorylated GSK3␤ (pY216 GSK3␤, an activated form of GSK3␤), and Tyr 279-phosphorylated GSK3␣ (pY279 GSK3␣, an activated form of GSK3␣; Fig. 6A ). These were upregulated with statistical significance in TTBK1/JNPL3 mouse brain as compared to age-matched JNPL3 mice (Fig. 6B, C) . On the other hand, there was no difference in the amount of Ser-9-phosphorylated GSK3␤ (pS9 GSK3␤, an inactivated form of GSK3␤, Fig. 6A, C) . These data suggest that both CDK5 and GSK3␤ activities are up-regulated, which may lead to the enhanced tau phosphorylation in TTBK1/JNPL3 mouse brain.
Impaired locomotor function and enhanced motor neuron degeneration and tau phosphorylation in the spinal cord of TTBK1/JNPL3 mice
TTBK1/JNPL3 mice also show a significantly shorter retention time on the accelerating rotarod and a reduction in forelimb grip strength as compared to JNPL3 mice (Fig. 7A, B) , suggesting locomotor and neuromuscular dysfunction. On the other hand, TTBK1 and non-Tg mice performed equally well on rotarod tests (16) , which suggests that this locomotor dysfunction is not directly mediated by TTBK1 expression but rather through a modification of tauopathy by TTBK1. Because we observed significant locomotor dysfunction and reduction of forelimb grip strength in TTBK1/JNPL3 mice, we examined the neuropathology of motor neurons in the anterior horns of spinal cord at the L4 -L5 region. Multifluorescence laser-scanning confocal microscopic imaging of this region demonstrates enhanced IBA1-positive cell accumulation, indicative of microgliosis, in TTBK1/JNPL3 mice and reduction of NeuN-positive neuronal cell bodies in JNPL3 and TTB1/JNPL3 mice but not in TTBK1 or non-Tg mice (Fig. 8A) . GFAP-positive astrocytes accumulated in TTBK1, JNPL3, and TTBK1/JNPL3 mice, indicating astrogliosis in these groups. Quantification of ␣ and ␥-motor neurons in the anterior horns of L4 -L5 spinal cord segments by fast blue and hematoxylin staining of spinal cord sections demonstrated a significantly reduced number of motor neurons in TTBK1/JNPL3 mice as compared to the age-matched JNPL3 mice (Fig. 8B) , indicating motor neuron degeneration by TTBK1 expression in JNPL3 mice.
We have further tested whether this motor neuron degeneration is due to enhanced tau phosphorylation and aggregation in the spinal cord. A recent study on rTg4510 and JNPL3 mice demonstrated that oligomeric tau can be detected in the spinal cord protein extract (S1 fraction after ultracentrifugation) of JNPL3 mice (3). Using the same protocol, we could observe that tau oligomers migrated around 170 and 140 kDa molecular weight in the protein extract isolated from the spinal cord of 5-to 6-mo-old JNPL3 and TTBK1/ JNPL3 littermates, which were immunoreactive to AT8, 12E8, pS422, and PHF-1 anti-phospho-tau mAbs (Fig.   8C ) but not to AT100 or CP13 (data not shown). Protein extracts from the spinal cord of age-matched non-Tg show no oliomeric tau species (data not shown). The immunoreactive band intensities were measured and normalized against ␤-actin immunoreactivity, and the TTBK1/JNPL3 mouse spinal cord protein extract had significantly higher levels of AT8, 12E8, Figure 5 . Increased prefibrillar phospho-tau aggregates in TTBK1/JNPL3 mouse brain. Brain homogenates from aged JNPL3 (A) and TTBK1/JNPL3 (B) at 12-13 mo of age were subjected to discontinuous sucrose gradient ultracentrifugation; each fraction (10 -50% in 5% increments) was subjected to AT8 (top panel), T14 (2 middle panels), and synaptophysin (bottom panel) immunoblotting. Arrowheads indicate phospho-tau multimer band (Ͼ250 kD). Arrows indicate monomeric phospho-tau (top panels) or total tau (middle panel). Synaptophysin is a marker of synaptic vesicles and indicator of the sucrose gradient, which migrates at ϳ15-25% sucrose. Figure 6 . Elevated p25 and p35 subunits of CDK5 complexes and GSK3␤ phosphorylation in TTKB1/JNPL3 mouse brain. A) Protein samples (50 g/lane) from JNPL3 and TTBK1/JNPL3 mouse cortical region (nϭ6/group, 12-13 mo of age) were subjected to SDS-PAGE and immunoblotting using anti-p35/p25 pAb, anti-␤-actin mAb, anti-phospho-GSK3␣/␤ pAb (pY279/ pY216), anti-phospho-GSK3␤ pAb (pS9), or anti-GSK3␤ pAb. B, C) Chemiluminescence quantification of immunoreactive bands and presentation as percentage p25/␤-actin or percentage p35/␤-actin (B) or percentage pY216 GSK3␤/total GSK3␤ or percentage pS9 GSK3␤/total GSK3␤ (C). **P Ͻ 0.01, ***P Ͻ 0.001; Student's t test. and pS422-immunoreactive tau oligomers as compared to JNPL3 mice, whereas PHF-1-immunoreactive tau oligomers and tau-5-immunoreactive 55kD tau monomers were unchanged (Fig. 8D) . These data collectively suggest that TTBK1 expression enhances accumulation of phosphorylated tau oligomers, which are significantly phosphorylated at TTBK1 phosphorylation sites (AT8 and pS422). To determine whether CDK5 activity is enhanced in the spinal cord of TTBK1/JNPL3 mice, we immunoprecipiated CDK5 activator p35 and performed an in vitro kinase assay of coprecipitated CDK5 using histone H1 as a substrate as described (16) . The CDK5 activity of the spinal cord was significantly weaker than that of brain extract in our previous study, and there was no difference in p35-assciated CDK5 activity between TTBK1/JNPL3 and JNPL3 (data not shown), consistent with the result of the PHF-1 immunoreactivity (Fig. 8D) .
DISCUSSION
Tau aggregation and NFT formation are preceded by A␤ deposition in both clinical and preclinical neuropathological studies (31, 32) , and, because the tau gene has not been linked to the familial AD pedigree, tauopathy has been regarded as secondary to A␤ deposition in the AD pathogenesis. However, the possibility of using it as a therapeutic target has grown more important after recent unsuccessful reports on the phase II trial of A␤ vaccination in AD patients, which show successful A␤ removal from brain but a lack of beneficial effects on disease progression (33) . This suggests that although A␤ aggregation or deposition may initiate the AD pathology and symptoms, it may not be an effective target for therapy. Although early transgenic mouse models of FTDP-17 (such as JNPL3) failed to develop cortical or hippocampal neurodegeneration (34) , recent models show progressive neurodegeneration and memory loss (35, 36) , suggesting its direct role on neurodegeneration. These studies suggest that reduction of tau expression or its phosphorylation by other tau kinases may have a therapeutic potential, although a more specific inhibitor has to be developed for targeting such kinases.
TTBK1-mediated tau phosphorylation, somatodendritic missorting, and multimer formation
Our study demonstrates that overexpression of TTBK1 leads to accumulation of phospho-tau in neuronal cell bodies of the cortex and hippocampus. Intense accumu- Tricolor confocal microscopic images of the anterior horn of L4 -5 spinal cord from non-Tg, TTBK1, JNPL3, and TTBK1/JPNL3 at 12 mo of age using anti-NeuN biotinylated mAb (red), anti-GFAP mAb (blue), and anti-IBA1 pAb (green). B) Fast blue-and hematoxylin-stained images of the same region of JNPL3 and TTBK1/JNPL3 mice. Quantification of motor neuron counts per square millimeter in the anterior horn (nϭ6/group). Original view: ϫ400 (A, B) . C) S1 fraction (15 g) of spinal cord homogenates of JNPL3 and TTBK1/JNPL3 mice (nϭ4/ group) was subjected to SDS-PAGE in nonreducing conditions and immunoblotted with phospho-dependent tau antibodies (AT8, 12E8, pS422, PHF-1) and phospho-independent tau antibody (tau-5), and anti-␤-actin antibody. D) Chemiluminescence quantification of immunoreactive bands and presentation as ratio over ␤-actin band intensity. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001; Student's t test.
lation of phospho-tau in pyramidal and granular layers in the hippocampus may be an indication of enhanced memory impairment in TTBK1/JNPL3 mice. Enhanced tau phosphorylation at AT8 and pS422 recognition sites is indicative of TTBK1-mediated phosphorylation, as determined by a previous study (25) . TTBK1 expression also enhances generation of tau multimers, which are increased in early stages of AD brain (Braak I-III) and different animal models (rTg4510) (3, 4) . The approximate molecular mass of the tau multimer differs in reports (ϳ40 mers or 2200 kDa in AD brain, 140 -170 kDa in rTg4510 and JNPL3 mice, and Ͼ250 kDa in TTBK1/ JNPL3 mice). This could be due to differences in the status of tau phosphorylation and other post-translational modifications, sample preparation conditions, or SDS-PAGE conditions. Indeed, the differences in the buffers are significant as the sucrose gradient buffer in the protocol that we adopted contains a high concentration of salt (800 mM NaCl) and sucrose (10 -50%, depending on the fraction). This condition may potentially stabilize the tau oligomers in the presence of SDS and high temperature, preventing the disaggregation of the tau oligomers in the SDS sampling process. The reduction of fibrillar tau may also be due to its enhanced phosphorylation at AT8 and PHF-1 sites (pS202/T205, pS396/ S404), which are susceptible to heat shock protein 90-induced proteasomal tau clearance (37, 38) .
CDK5 and GSK3␤ activation
The findings of enhanced p35 (or p25 and p35) levels in TTBK1/JNPL3 mouse brain are consistent with enhanced CDK5 activity associated with p35/p25 in TTBK1 mice due to up-regulation of both p35 and p25 (16) . However, this could be restricted to brain because we did not see enhanced p35-associated CDK5 activity in the spinal cord of TTBK1/JNPL3 mice as compared to JNPL3 littermates in this study (data not shown). The elevated level of pY216 GSK3␤ in TTBK1/JNPL3 mice was not observed in TTBK1 mice, suggesting that transgene tau mutant expression attribute to the GSK3␤ activation. Tau accumulation itself could activate GSK3␤. Indeed, pY216 GSK3␤-expression was detected in NFT-bearing cells in aged JNPL3 mice (39). This is not accompanied by a reduction in inhibitory phosphorylation of GSK3␤ at S9, suggesting that the GSK3␤ activation may be mediated by autophoshorylation or other tyrosine kinases (such as fyn-and prolinerich tyrosine kinase 2) at Y216 but not through suppression of the S9 phosphorylating kinases, such as Akt and protein kinase A and C (10, 11, 40 -44) . Similar observations are also found in other models where transgenic expression of an APP mutant activated both GSK3␣ and GSK3␤ by increasing the levels of p279/216 GSK3 without affecting pS9/21 GSK3 (45). Fyn activation has been documented in NFT-containing neurons in AD and JNPL3 mouse brains (46, 47) , which suggests fyn-mediated GSK3␤ activation by tau accumulation and which may be further augmented by TTBK1. In addition, this GSK3␤ activation may also explain the activation of caspase 3 and formation of tauC3-positive tau accumulation in the cortical region of TTBK1/ JNPL3 mice, which is similar to the previous report (48) . Intriguingly, the pY279 GSK3␣ expression was also elevated in TTBK1/JNPL3 mice, yet the mechanism and significance of this activation are unclear.
Motor impairment
Aged TTBK1/JNPL3 mice show multiple signs of locomotor and neuromuscular dysfunctions, which are evident in shorter retention on the rotorod, reduced grip strength, gait disturbance, and tremor at a resting posture. We did not observe any of these phenotypes in TTBK1 mice at the same age, indicating that these are mediated through tau modifications rather than a direct TTBK1 effect. Our data also indicate that PNS neurons may be more susceptible to aggregated tau toxicity, which can be enhanced by TTBK1-induced tau phosphorylation. The presence of hyperphosphorylated tau in the spinal cord raises the possibility that spinal cord motor neuron dysfunction accounts for the locomotor dysfunction in the TTBK1/JNPL3 mice. More study will be necessary to understand how TTBK1 enhances tau accumulation in the spinal cord, which leads to neuroinflammation and motor neuron loss.
Neuronal cell loss and astrogliosis
TTBK1/JNPL3 mice displayed other features of neuropathology, such as loss of neurons and astrogliosis in spinal cords, which are analogous to other FTDP tau mutant models (18) . Accordingly, we observed TTBK1-induced enhancement of motor neuron degeneration as well as oligomerized tau aggregates phosphorylated at multiple Ser/Thr sites, including AT8, 12E8, and pS422, in the spinal cords of TTBK1/ JNPL3 mice. Our mice displayed GFAP-positive cells in the spinal cord, demonstrating that TTBK1 expression induces an inflammatory response. TTBK1-induced tau protein accumulation might down-regulate cell surface expression of antiinflammatory molecules, such as CD200, on neuronal surfaces and enhance neuroinflammation, leading to neuronal cell loss. This is significant because recent studies report that microglial activation precedes tau aggregation in P301S tau mice (35) , and that such neuroinflammation may be the cause rather than the result of tauopathy. Further study will be necessary to understand how neuronal TTBK1 expression enhances neuroinflammation in this model.
In summary, to the best of our knowledge, this is the first comprehensive biochemical, behavioral, and neuropathological study to report that the TTBK gene family can modulate the FTDP-17-linked tau mutant mouse phenotype. However, these findings are demonstrated by overexpression of both TTBK1 and FTDP-linked tau mutants, and so we have to be cautious about the potential dose dependency on the mouse phonotype and its clinical relevance. Our findings may be relevant to understanding the mechanism of how TTBK1 modulates tau multimer formation, neuroinflammation, neurodegeneration, and locomotor dysfunction. Regulation of TTBK1 activity may be a therapeutic target of AD, FTD, and other tauopathy disorders.
